Repetitive motor behaviors are common in neurodevelopmental, psychiatric and neurological disorders. Despite their prevalence in certain clinical populations, our understanding of the neurobiological cause of repetitive behavior is lacking. Likewise, not knowing the pathophysiology has precluded efforts to find effective drug treatments. Our comparisons between mouse strains that differ in their expression of repetitive behavior showed an important role of the subthalamic nucleus (STN). In mice with high rates of repetitive behavior, we found significant differences in dendritic spine density, gene expression and neuronal activation in the STN.
This class of responses includes repetitive sensory-motor behaviors (eg, stereotyped movements, compulsions) and behaviors that reflect an insistence on sameness or resistance to change (eg, rituals, restricted interests). 2, 3 Restricted, repetitive behavior is diagnostic for autism spectrum disorder (ASD) and a very common feature of a number of other neurodevelopmental disorders including syndromic (eg, Rett, Fragile X and Prader-Willi syndromes) and nonsyndromic intellectual and developmental disability. [3] [4] [5] [6] [7] Additionally, repetitive behavior is a feature of the clinical presentation of other disorders that manifest across the life span including obsessive-compulsive disorder (OCD), Tourette syndrome, schizophrenia and frontotemporal and Alzheimer's dementia. [8] [9] [10] Other conditions including congenital blindness and early social impoverishment are also associated with aberrant repetitive behavior. [11] [12] [13] Limited information is available from clinical studies about the neurobiological mechanisms that mediate repetitive behavior in neurodevelopmental disorders. 14 Ryan et al 19 have shown that the C58 inbred mouse strain (Mus musculus) exhibits a robust repetitive behavior phenotype expressed as high levels of spontaneous stereotypic hind limb jumping and backward somersaulting (Video S1, Supporting Information). These behaviors are expressed at or before weaning, persist throughout development and are readily observed throughout the dark cycle in both the home cage and individual test cages. 17, 19 Moreover, we have shown that C58 mice exhibit a pronounced resistance to change or behavioral inflexibility in a reversal learning task. 20 We have also
shown that rearing C58 mice in environmental enrichment (EE) for 6 weeks starting at weaning (postnatal day [PND] 21) dramatically reduced repetitive motor behaviors compared with littermates reared in standard cages 17 and improved reversal learning. 20 Excessive self-grooming behavior is a common repetitive behavior in mouse models of psychiatric and neurodevelopmental disorders. 21 Self-grooming in rodents is sequentially fixed and highly stereotyped.
C58 mice show increased duration and a higher number of grooming bouts at some developmental time points and during some social and nonsocial testing conditions. 19 A complete sequential syntactic selfgrooming analysis has not been completed in C58 mice and there is little evidence that their grooming behavior could be described as excessive (ie, they do not show tissue trauma because of increased grooming). We view the C58 mouse model as a complement to the excessive grooming models, which together hold high translational value for the study of human disorders that involve highly fixed action patterns.
The repetitive behavior phenotype of C58 mice is strikingly similar to that of deer mice (Peromyscus maniculatus) which also exhibit high levels of spontaneous vertical jumping and backward somersaulting. [22] [23] [24] [25] [26] [27] Our previous studies with deer mice implicated reduced indirect basal ganglia pathway activity as a mediator of the expression of high levels of repetitive behavior. For example, we
showed that neuronal metabolic activity in the subthalamic nucleus (STN), a key indirect basal ganglia pathway brain region, was significantly lower in high repetitive behavior deer mice compared with low repetitive behavior deer mice and significantly negatively correlated with the total amount of repetitive behavior exhibited. 28 In addition, pharmacological activation of the indirect pathway resulted in a significant, selective and dose-dependent reduction of repetitive behavior. 29 We have also shown that EE attenuation of repetitive motor behavior in deer mice 30 was associated with significant increases in neuronal activation and dendritic spine densities only in the STN and globus pallidus, both of which are key indirect basal ganglia pathway nuclei in mice. 31 In the present study, we sought to determine if decreased indirect basal ganglia pathway activation also mediated repetitive behavior in the C58 inbred mouse model. In order to test this overall hypothesis, we compared C58 mice to C57BL/6 mice using a measure of neuronal metabolic capacity in multiple brain regions. We hypothesized that C58 mice would exhibit significantly less functional activation selectively in brain regions that make up the indirect basal ganglia pathway. In order to determine if such differences were attributable to repetitive behavior and not a reflection of generalized strain differences, we also examined neuronal metabolic activity in an F2 generation of mice that were the offspring of a C58 by C57BL/6
intercross. We hypothesized that F2 high repetitive behavior mice would exhibit significantly reduced neuronal activation in indirect basal ganglia pathway brain nuclei compared with F2 low repetitive behavior mice. Based on our neuronal metabolic activity findings, we further examined a key indirect basal ganglia pathway brain region, the STN, for strain differences in dendritic spine density and gene 
| Cytochrome oxidase histochemistry
Cytochrome oxidase (CO) activity reflects the oxidative metabolic capacity of neurons due to its functional role in the process of generating ATP. 32 CO activity is a relative measure of long-term (days to weeks) neuronal metabolic activity, 33 and has previously been used to detect differences in activation of basal ganglia nuclei as a function of repetitive motor behaviors. [27] [28] [29] 31 The optical density dependent variable is a metric for the amount of light that passes through the tissue stained for CO. Thus, darker staining will have a higher optical density value indicating more CO activity. 34 The CO staining proto- 
| Gene expression assay
Thirteen hours (9 PM) after behavioral testing, mice used for gene expression analyses were subjected to cervical dislocation followed by rapid decapitation. Brains were quickly removed from the skull and frozen in cold 2-methylbutane. Whole brains were stored at −80 C until they were transferred to a cryostat held at −10 C and sliced at 300 μm.
A 0.5 mm tissue puncher was used to dissect STN from the coronal slices. RNA was isolated using the RNeasy Micro Kit (Qiagen: Germantown, Maryland) and cDNA was synthesized using RT2 First Strand Kit (Qiagen: Germantown, Maryland). The cDNA from each STN sample was added to RT2 Sybr Green mastermix and loaded onto both the RT2
Profiler PCR GABA and glutamate array (Qiagen, cat. no. PAMM-126Z) and the synaptic plasticity array (Qiagen, cat. no. PAMM-152Z). These polymerase chain reaction (PCR) arrays were run on an ABI 7500HT thermocycler (Applied Biosystems: Foster City, California). Each of these arrays contains primer sets for 84 genes and 5 housekeeping genes.
| Study 2: F2 high and low repetitive motor behavior mice
To assess whether neurobiological differences between C58 and C57BL/6 mice were specific to repetitive behavior rather than nonselective strain differences, we generated F2 mice using the offspring of a F1 C58 X C57BL/6 intercross. A standard mating strategy using 3 female C57BL/6 and 3 male C58 mice was employed to generate the F1 mice (n = 71). The F1 offspring were brother-sister mated to produce F2 pups (n = 302). The F2 mice were housed 3 to 5 per cage in standard caging under a 12,12 hour light/dark cycle as in Study 1. We selected the 12 mice (6 male, 6 female) with the highest repetitive motor behavior scores and the 12 mice (6 male, 6 female) with the lowest repetitive motor behavior scores. From the population of 302 F2 mice, the repetitive behavior counts (averaged over 2 12-hour dark cycles) ranged from 37 to 24 130. Tissue from these 24 mice was used in CO staining assays as described for Study 1.
| Study 3: effects of EE
For the experiments comparing differences between standard housing and EE, 21 C58 mice (7 females, 14 males) were randomly assigned to EE. Littermates of the EE C58 mice (n = 20; 2 females, 18 males) were used for the standard housing control group and weaned and housed as described for Study 1. EE mice were weaned at PND 21 and then housed in dog kennels (121.9 × 81.3 × 88.9 cm;
housed with 4-6 other same-sex mice) customized with 2 extra levels and connected ramps constructed from galvanized wire. 17 A running wheel, a large opaque shelter, and Habitrail tubes were kept in each kennel throughout the 6-week enrichment period. Various objects (eg, plastic toys, domes) were also present in each kennel, but they were rotated weekly to maintain novelty. During the weekly rotation of objects, approximately 2 oz of bird seed was scattered into the kennel to promote foraging. Water was available ad lib, and 4 Nestlet squares were provided for nest construction. Kennels were kept in the same room that housed standard cage animals.
Differences in repetitive motor behavior between enriched and standard housed C58 mice were assessed as described for Study 1. Neurobiological differences between these housing conditions were evaluated using CO histochemistry, Golgi-Cox staining and gene expression assays as described for Study 1.
| Statistical analysis
In Study 1, repetitive behavior counts were analyzed using 2-way analysis of variance (ANOVA) with main effect variables sex and strain.
Bonferroni post-tests were performed for further comparisons within male and female groups. For cytochrome oxidase histochemistry, optical density measurements were analyzed by 2-tailed t tests for each brain region. For Golgi-Cox staining of dendritic spines, 2-tailed t tests were also performed. For the gene expression assays, data were analyzed using the GeneGlobe Data Analysis Center software (Qiagen:
Germantown, Maryland; available from qiagen.com) which used the ΔΔC T method. Two housekeeping genes were used for normalization of the data. A significance level of 0.05 was used, employing the Benjamini-Hochberg procedure to control for multiple comparisons.
This involved rank ordering the gene hits by P-value then dividing by the total number of comparisons (148 individual genes across the 2 arrays) and adjusting for a false discovery rate (FDR) of 20%. The FDR was selected based on the exploratory nature of the study.
In Study 2, repetitive behavior counts were averaged over 2 test
sessions. This was done in order to confirm appropriate assignments to the "low" and "high" repetitive behavior groups. The repetitive behavior count data and cytochrome oxidase histochemistry optical density data were each analyzed with 2-way ANOVAs with main effects of sex and repetitive behavior group. In Study 3, repetitive behavior counts, cytochrome oxidase histochemistry optical density measures for each brain region, and dendritic spine density data were each analyzed by 2-tailed t tests. The gene expression data were analyzed as described for Study 1.
3 | RESULTS
| Study 1: strain comparison
Strain differences in repetitive motor behavior replicated our previous finding that C58 mice show substantially more repetitive behavior than C57BL/6 mice (Reference 17 ; Figure 1) . A 2-way ANOVA showed a significant main effect of strain (F 1,37 = 31.53, P < .0001) and no significant main effect of sex (F 1,37 = 0.13, P = .72) or a strain × sex interaction (F 1,37 = 1.74, P = .2).
| CO histochemistry
Comparisons of CO staining across discrete regions of the brain included 13 C58 mice (9 male, 4 female) and 11 C57BL/6 mice (5 female, 6 male). For this smaller cohort, C58 mice showed significantly more repetitive behavior than C57BL/6 mice, as showed by a 2-tailed t test (t[22] = 4.47, P = .0002). 
| Golgi-Cox staining
For the analysis of dendritic spine density, we compared 6 male C57BL/6 mice ( Figure 2A ) and 5 male C58 mice ( Figure 2B ). Within this smaller cohort of mice we again found that the C58 mice showed significantly more repetitive behavior as showed by a 2-tailed t test (t[9] = 7.32, P < .0001). Within the STN, dendritic spine density was significantly lower in the C58 mice than in the C57BL/6 mice (t[9] = 2.96, P = .016; Figure 2C ).
| Gene expression assay
For the analysis of gene expression differences in the STN between C58 and C57BL/6 mice, we used 3 male mice of each strain. Once again, this smaller cohort of mice showed significant differences in repetitive behavior, wherein C58 mice showed very high counts (t [4] = 4.21, P = .01). From the 2 PCR arrays, we found 4 genes that were differentially expressed between C58 and C57BL/6 STN samples with fold regulation greater than 1.3 ( Table 2) . Of these hits, none of the genes remained statistically significant after running the Benjamini-Hochberg procedure with a 20% FDR. For the analysis, Figure 3 ). These results are reflected in the relatively lower repetitive behavior counts observed in male mice, particularly the F2 high males as compared with high females (see Figure 3 ). Bonferroni post-tests confirmed significant group differences within both female and male comparisons (females, t = 17.27, P < .0001; males, t = 11.15, P < .0001). No significant effects of sex or group by sex interaction were found.
| Study 3: effects of EE
We tested a total of 21 C58 mice (7 females, 14 males), which were housed in EE, and 20 C58 mice (2 females, 18 males), which were 
| CO histochemistry
Neuronal activation within discrete brain regions was analyzed by CO histochemistry in 13 C58 mice housed in EE (7 females, 6 males) and in 11 C58 mice housed in standard laboratory cages (2 females, Of the 148 genes analyzed, 4 were differentially expressed between C58 and C57BL/6 mice.
FIGURE 3
Average repetitive behavior counts across 2 behavioral tests of F2 mice. Female and male mice selected for high repetitive behavior counts were found to differ significantly from female and male mice selected for low repetitive behavior counts. Figure shows mean + SEM (****P < .0001 for Bonferroni posttests) 9 males). Using 2-tailed t tests, we found no differences in the optical density of CO staining in any brain region analyzed (Table 4 ).
| Golgi-Cox staining
For the analysis of dendritic spine density in the STN, we compared 5 male C58 mice housed in EE ( Figure 5A ) and 6 male C58 mice housed in standard laboratory cages ( Figure 5B ). Dendritic spine density was significantly higher in the STN samples of C58 mice housed in an enriched environment compared with C58 mice housed in standard laboratory cages (t[9] = 2.64, P = .027; Figure 5C ).
| Gene expression assay
For the analysis of differential gene expression, we compared STN samples from 3 male C58 mice that were housed in an enriched environment and 3 male C58 mice that were housed in standard laboratory cages. From the 2 PCR arrays, we found 15 genes with differential expression that met statistical significance (Table 5) 
| DISCUSSION
Our previous work in the deer mouse model indicated that dysregulation of indirect basal ganglia pathway function contributes to the expression of repetitive behavior in that model. 24, [28] [29] [30] [31] The present study was designed to elucidate the cellular and molecular differences within the STN, a key relay nucleus in basal ganglia circuitry, between mice with high rates of repetitive behavior and mice with low rates of repetitive behavior. We replicated our previous findings 17 by showing a robust difference in repetitive behavior counts between C58 mice and C57BL/6 mice and the substantial effect that EE has on reducing the repetitive behavior of C58 mice.
In our cellular and molecular analyses in C58 and C57BL/6 mice, we found several differences that suggest the STN has lower afferent glutamatergic tone in C58 mice. Glutamatergic inputs to the STN are monosynaptic cortical projections and make up the hyperdirect basal ganglia pathway. First, our measure of neuronal activation, assayed by CO histochemistry, showed significantly lower levels in the STN of C58 mice. Dendrites that receive depolarizing inputs, such as glutamatergic afferents from the hyperdirect basal ganglia pathway, are the site of dense mitochondria clustering and have high levels of cytochrome oxidase activity. 34 This metabolic machinery is required to return the cell membrane to resting potential after depolarization. 36 Hyperpolarizing inputs, such as GABAergic afferents from the GPe (ie, the indirect basal ganglia pathway), are not as energetically The STN (highlighted in bold) was the only analyzed brain region to show a significant difference in CO staining optical density. STN samples from high repetitive behavior F2 mice had lower optical density values compared with STN samples from low repetitive behavior F2 mice, which suggests they have lower neuronal activation of the STN. Values are reported as mean (SEM). There were no significant differences in CO staining in any of the analyzed brain regions. Values are reported as mean (SEM).
demanding. 37, 38 The lower CO activity measures in the STN of C58 mice suggests less glutamatergic input as compared with the STN of C57BL/6 mice. Lower CO activity in the STN of C58 mice corresponds to our other finding that CO activity was lower in the high repetitive behavior subgroup of F2 mice, when compared with STN samples from the low repetitive behavior subgroup. In addition, we found that lower CO activity is not characteristic of all C58 brain regions and is not due to strain-specific differences. No other brain regions that we analyzed in either the strain experiment or the F2 experiment showed differences in CO activity.
The second piece of evidence that suggests hypoglutamatergic afferent tone in the STN is our finding that STN neurons of C58 mice have fewer dendritic spines. Glutamatergic neurotransmission causes plastic changes in dendritic morphology, including spine formation, maturation and remodeling. GABAergic inputs, like those from the GPe, do not synapse on dendritic spines. Our finding of fewer dendritic spines in the STN samples of C58 mice, when compared with C57BL/6 mice, is consistent with our finding that synaptopodin gene expression is lower in STN samples of C58 mice (although this did not meet the FDR-adjusted P value). Synaptopodin is an actin binding protein localized in the neck of dendritic spines that associates with calcium stores and regulates plasticity at glutamatergic synapses. 39 Other gene expression differences between C58 and C57BL/6 mice that were below the standard alpha level, but were not below the adjusted Benjamini-Hochberg P-value, also suggest hypoglutamatergic tone within the STN in C58 mice. These include downregulation of both cGMP-dependent protein kinase (PKG) and JunB.
Glutamatergic signaling through N-methyl-D-aspartate (NMDA) receptors activates nitric oxide synthase, causing the release of nitric oxide, which activates PKG and causes an increase in JunB expression. 40 Our analyses of GABAergic genes returned only one gene with differential expression between C58 and C57BL/6 mice, the GABAA α2 subunit gene. As with the other gene expression differences in our C58 and C57BL/6 comparison, the unadjusted P-value was below alpha but above the adjusted Benjamini-Hochberg P-value. To our knowledge, GABAA α2 expression has not been assayed by qPCR in the STN, but expression of this subunit in the STN has been confirmed with immunocytochemistry in the adult rat. 41 We found that expression of the α2 subunit is increased in the STN of C58 mice compared with C57BL/6 mice. GABAA α2 containing receptors are particularly important for fast phasic inhibitory postsynaptic currents at somatic synapses. 42 This overexpression of α2 may be a homeostatic response to the hypoglutamatergic afferent tone, as fast GABAergic signaling has been shown to increase electrically stimulated excitatory postsynaptic potential amplitude and lower action potential threshold in the STN. 43 The robust effect of EE-induced reduction on repetitive behavior in C58 mice provides a mechanism by which we can investigate cellular and molecular changes that correspond with changes in behavior Genes highlighted in bold font remained significant after the BenjaminiHochberg procedure using a 20% FDR.
and potentially find new drug targets for treatment. The preponderance of STN gene expression differences induced by EE is consistent with an increase in glutamatergic afferent tone. A particular mechanism that may directly affect synaptic glutamate levels is the reduction of the glial glutamate transporter, GLAST (although the unadjusted P-value was above the Benjamini-Hochberg P-value).
Reduced glutamate transport changes a-amino-3-hydroxy-5-methyl- 47 In addition, long-term housing in an enriched environment has been shown to increase the expression of Egr1 previously, although these investigations have been limited to regions of the cortex and hippocampus. 48, 49 In fact, a wide array of environmental manipulations has been shown to affect neuronal activity and intracellular signaling pathways that increase Egr1 expression in the short term, which is followed by Egr1 transcription factor functions that mediate longer lasting neuronal adaptations. 50 These neuronal adaptations include increases in dendritic spine density, 51 an effect we also saw in the STN samples of mice raised in an enriched environment. Another interesting gene expression difference in the enriched environment mice that links glutamatergic function and dendritic spine density is the increased expression of the EphB2 receptor (which met the adjusted Benjamini-Hochberg criterion for significance). Stimulation of EphB2 receptors enhances NMDA and AMPA receptor clustering in dendritic spines and is a key regulator of synaptic plasticity. 52, 53 Some of the gene expression differences we found in the EE group suggest that the increased afferent glutamatergic tone sufficiently stimulated the STN neurons and increased their release of glutamate (this includes NR2D expression mentioned above). We found increased expression of mGluR2 (although this did not reach the Benjamini-Hochberg significance criterion) and mGluR7 mRNA in the EE group compared with the standard housed group. The mGluR2 and mGluR7 are presynaptic receptors that function as autoreceptors on STN axon terminals to reduce glutamate release in the SNr, typically in response to excess synaptic glutamate levels. 54, 55 In addition,
we found a decrease in the expression of mGluR3 in the STN samples from mice raised in an enriched environment (which was significant at the adjusted Benjamini-Hochberg criterion). The mGluR3 receptor is found primarily in glial cells in the STN 56 and extended exposure to an agonist decreases mGluR3 protein levels. 57 Taken together, the increase in mGluR2 and mGluR7 mRNA and decrease in mGluR3 Given the number of glutamate-related genes that were differentially expressed, which suggest increased glutamatergic tone following EE, it is surprising that our analysis of CO activity was not changed. Findings of dissociated CO activity and other measures of neuronal activity such as 2-deoxyglucose uptake or immediate early gene expression have been reported. 60, 61 It is also possible that our staining method was not sensitive enough to find a change in optical density at the distal dendrites of STN neurons where glutamatergic afferents synapse.
There are several limitations associated with these studies. The differences in spine density and gene expression reported here occur in the STN. Although alterations in this nucleus support a role for the mediation of repetitive behavior by the hyperdirect and indirect basal ganglia pathways, such a conclusion would require examination of additional brain regions involved in these pathways (eg, motor cortex, Globus pallidus [GP]) as well as negative control regions. Other methodologies such as optogenetic and chemogenetic techniques would be needed to determine more definitively the roles of these pathways.
We were also not able to systematically test for sex differences in all the experiments. Future experiments will need to involve both male and female mice and utilize sample sizes that provide sufficient power 
